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SUMMARY

Analytical methods are developed for détermining the down-
wash environment generated by multirotor/propeller V/STOL
aircraft configurations operating in ground proximity.

These methods are utilized to compute rotor flow field and
contaminant dust cloud characteristics (including particle
density and size distributions) for the H-21, XC-142, X-224,
X-19A, and XV-5A aircraft. The effects of the contaminated
atmosphere on pilot's visibility, ground equipment, and
personnel are also determined for these aircraft,

The theoretically predicted results are generally in good
agreement with the limited test data. Additional full-scale
test data are required to verify further the assumptions
inherent in the theory.
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SYMBOLS

constants as defined in the text

)
particle cross-sectinnal area. _;_ DPZ. fe*

contrast between sight of object and its
background

vail jet constants

constants as defined in text

rotor thrust coefficient ocut of ground effect
diameter of rctor, ft

effective rotor dismeter of the contracted
slipstream, ft

particle diameter, mm or micron

mean particle diameter. sm or microns

Zean partici- diameter. percert finer by weight
dismeter of standard 0.25 sm size particle, mm

Bax water particle diameter (.50 am)

disc loading. Ib/ft?

cloud penetraticn distance along pilot's
line of vision, f{t

percent finer by weight of airberne particles
of size A




eG percent finer by weight of ground particles
of size A

(eG)max percent finer by weight of ground psrticles

of sise ‘\‘x

L4 correction factor as defined in the text

H rotor bheight above the ground, ft

H. height of dust cloud. ft

Ry aircraft wheel height from the _round, ft

h vertical distance measured from rotor plane, ft

ho vall jet height (u = 0.01 uy). ft

o background light intensity. foot-lambert

14 object light intensity, foot-lambert

K logarithmic constant as defined in the text

ke terrain ercefon factor

ky ground effect factor

. Nn half-3istance between rotor, along the
X or Y axis, ft

4.4 polar ccordinates located at the center of
vortex spiral

‘V vertical location of dust cloud boundary
from the center of vortex spiral

n r:;:izfzt,aa- flow rste per unit area,

L) particle mass flow rate per unit area along

the ground, lb/sec-ft2

xvi




o

W

Qs

(Qg)esf

Qsmax

particle mass flow rate per unit width,
ib/sec-ft

nuaber of particles per cubic ft of air

dynamic pressure of g fu'ly developed
slipstream, = % p Ugl, 1b/ftl

mrfnse dmamic pressure along the groumd,
1b/ft

effective surgace dynamic pressure along the
ground, 1b/ft

aaximm surface dynamic pressure along th.
ground, % p (U)2 . 1b/fe?

rotor radiua, ft
radius of dust cloud., ft

radius of vortex apiral in dust cloud. ft

radial location., ft

horizontal component of distance between
pilot and object along pilot's line of sight,
fr

distance from pilot to object along pilot's
line of sight, ft

light transmittance

velocity interference correction factor
axial distance from jet nozale exit. ft
local velocity within the wall jet, ft-/sec

average induced velocity at the rotnr disc in
ground effect., ft. sec

xvif




uﬂ sean mcmentum velocity at the jet nossle exit,

ft/sec
Ug saximue velocity within the wall jet, ft/sec
Un velocity of fully developed slipstresm, ft/sec
Yo aomentun value of induced velocity at the rotor

disc. ft/sec

Uy radial velocity component., ft/sec
(Us ymax uaximmm surface velocity along the ground. ft/sec

Ux longitudinal velocity component along X axis,
ft/sec
Uy lateral velocity compoment aiong Y axis, ft/sec
Uz axial velocity compoment, ft/sec
Uice induced velocity in ground effect, ft/sec
Uoce induced velocity ocut of grourd effect, ft/sec
v velocity along & stream tube, ft/sec
Ve drag velocity as defined in the text, ft/sec
X,Y,Z2 right angled coordinate system with origin on
the ground
4 height within the wall jet, ft
n height within the wall jet where wuy = §, ft
Ty vertical distsnce auuvse Qu ground to vortex
spiral center, ft
e.By angles as defined in the t-x\\_, degrees
(] flov angle in the interaction plene. degrees
P air density, slugs/cu f2 N
N\

S

xviif




‘Pt

I 3

particle density,lb/cu ft of air
vater particle density. lb‘cu ft
rotor solidity, b./Hg

shearing force or drag per square cs
polar angle within vortex spiral
constant as defined in the text

aircraft heading angle relative to sighted
od ject, degrees




I. INTRODUCTION

The dowmwash environment problems associated with V/STOL
aircraft operating in ground proximity have become greatly
magnified by the new generaticn of high-disc-loading multi-
lift V/STOL aircraft. Due to the compiexity of the flow
machanisam in the vicinicy of a lifting rotor operating in
ground effect, formulation of an exact mathematical ~del
for rotor downwash environment {s indeed very difficulc.

For this reason, the previous work on the subject is limited
to extremely specialired analyses covering only a very
rarrow portion of overall rotor dowmwash preoblems. The test
information in this f{eld consists of uncoordinated small-
scale or full-scale =wodel data without proper definftion of
pertinent test parameters. Consequently, there exists a
need for a simple ind reliable analytical method supplemented
by test data which can be readily applied for predicting
dowrwash enviromment of various V/STOL configurations opera-
tirg in ground proximitv.

The objective of this program {s to deveiop a relatively
sinfle mathematical w»odel to predict the relationship which
exists betwean V/STOL 1i{ft devices and their orientation on
the aircrift as thev relate to the generation of the conlam-
fnated atmosphere surrounding hovering aircraft. This model
fs utilized to compute contaminant cloud size and shage.
particle density and size distributions within the dust cloud,
and the effects >f the contaminant atsosphere zn pilot’'s
visibility. ground equipment, and personrel.

This mathematical model is based on the available rotor down-
wash tieory for the flow regions where it ig considered to be
most applicable, on the limited test data for the flow regions
wvhere 'he theory is not considered to be applicable., and on
the semiempirical methods for the flow regions where both the
available theory and the test data ave practically non-
existent.

Section Il ¢ this report presents ‘he details of the mathe-
matfcal model developed under this prograe,




Section 111 conta.ns the corputed results of the contaminant
dowmmash environwent for the H-21, XC-142. X-22A, K-19A, ar<
XV-3A aircraft operating in ground effect. Some ! “st data

or ground surface mass flow . ites obtained during . his
prograr for the M-l “elicopter are presented in the appendix.
The theorv developed derein is correlated with the avajilable
rtest data wherever possitie.
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I11. THEORETICAL ANALYSIS

The dowtwash signature of a V/STOL aircraft operating over
unprepared landing surfaces i{s ¢efined as the resultant
operational environent that the airvrcraft generates less
the natural environment existirg prior to the afrcraft’s
arrival. The dowmwash signature car be determined by first
defining the flow field in the vicinity of the aircraft
hovering in ground effect and then by determining the
resulting dust cloud size and content associated with this
flow field.

A FLOM FIELD

The enalvtical treatment of the flow field in the vicinity

of a lifting rotor in ground effect iz a formidable task.
Several investigators have attempted to formiiate analvses
for this purpose. Howeve~, as indicated in Reference 1,
these analyses are considered to be :radequate. More
rigorous computer nethods have recently bern developed to
better define the flow mechani:n during ground impingement

of un{furm jets. However. these methods could not be applied
to the present progran.

For this program, existing analyses aved experimental data
such as those of Reference [ were appiied *o the regions of
the dowrwash flow field vhere they were corsidered to be
wost suftable.

An srtist’s conception of the flow field (n the vicinity of
a typical two-rotor/propeller V/STOL afrcraft hovering in
ground effect is shown in Figure 1.

In order to facilitate the analysis, the flov field of a
twvo-propeller/rotor configuration represented in Figure !
i{s subdividea into a number of isolated fiow regions as
shown in Figure J. The flow field in each of these regions
is as follows.
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1. The Fiow Field Abcve the Rotor Flane (Region 1!

a. Region 1A

The flow field in region (lA) pertains to the flow
above the rotor plane and within the vortex c(ylinder
(see Figure ). It is assused that within this
region the interference of adjacent rotors is
negliigible. therefore. the flow field in this region
can be treated as that of an isolated single rotor.

Thus. using the malytical methods of Reference 3.
the following relationships are obtained for the
axial and radial velocity components applicable teo
region {1A) of a two-rotor configuration:

An”
i
i

Z-H) [‘7‘__(2‘_5?




o

As can be seen fror Reference 3. the preceding
relat ionships,. which vield a closed-forms solutiorn
for the nonunifore velocity distribution in the
vicinity and at the plane of a lifting rotor,
correlate well with more complex cosputer s>lutions
such as those presented in Reference &.

Region 18

This region pertains to the flow above the rotor
plane and outside the vortex cylinder. For a two-
propellier/rotor configuration the velocity field
is obtained bv considering two point sinks located
at the centers of the two rotors. Thus, using the
coordinate system of Figure ., the velocity
components in the X, Y, and 2 directions of a two-
propeller/rotor configuration are given by-




x‘xL

‘[(x;?—l‘)z .(i;.!};)z ‘(_z;_u)zllfz } (3)

Y-YL

by _ . 3 Y-y
On 26 {[ X-Xy_)s’ ,(Y’Yt)z .( z°“)2]3,2
'yl - =

QYL

[(th) (Y‘YL 0(2,,) lgrz} (4)

1 Z-H

BFTR {[(XXL) +(\'n, (z“)]

32 %)
[(xxL (Y°YL)+(1H)]f}

Because of the three-dimensional character of the flow
field defined by equations (3), (&), and ‘5). the
pictoriel presentation of the stresmlines is not
convenient except for the two planes of symmelry, the
X-Z and the Y-Z plane.




In the X-Z plane, equations (3), (4), ant (5) yield:

Yy Uz,
ﬁ; O 0 (6)
and
Ux 7{ 1,1 }
=t (7
Uy~ 78Y Txx 2 rwex 2
(u) - (xx)

At the location corresponding approximately to the
lsading edge of the front rotor, i.e., X/R = 2X /R,
equation (7) reduces to:

%,5{-&?‘_}’?*?"5)7] (®

The second term of equation (8) corresponds to the
effect of one rotor on the longitudinal velocity
component Ux of the other rotor. Hence, at this

location the autual interference effects between the
two rotors amount to spproximetely 'l percent of the
total induced velocity component (Uy) due to an
fsolated rotor.

Figure 3 shows a comparison of the results obtainsble
by means of equation (5) with the results cf the
computerized analysis presented in Reference 4. Again,
a good correlation between the two methods {s
fndicated.
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The analysis for predicting the flow field of two
mutuaily interacting rotors, for both inside snd
outside of the vortex cylinder (Region 1), applies
only to out-of-ground-effect (UGE) conditions. A
rotor operating in the proximity of the ground
experiences a reduction in the induced velocity.
This reduction can be accounted for by multiplying
the out-cf-ground-effect velocities by the ground
correction factor, k' This factor is determined
semiempiricelly as:

k. =1.0 - 0.9 e'z(g) ("

Hence, the induced in-ground-effect (U;.p) can be
expressed as follows:

Urce - kg Uoce (10)

The ground effect factor, kg, given in Figure &

represents reasonably well the test dats of Reference
5. The ground effect correction factor, kg, given by
equation (9) is plotted in Figure 4, where the test
dats of Reference 5 are superimposed. When this
figure is examined, a good correlation can be noted
betveen the semiempirically esteblished kg factor

and that obtained from the test data.

Utilizing the preceding analysis, the flow field above
the rotor plane (Region 1) was caicuisted; the non-
dimensional{zed results thus obtain.d sre presented
in Figure 5 for out-of-ground-effect conditions
(H/2>2.0). For in-ground-effect operasting condi-
tions and any rotor height H/R€ 2.0 sbove the ground,
the velocity 2t any point in Region | was determined
by multiplying “he velocity ratfo obtained from
Figure 5 by the momentum slipstream velocity (ly) and

the appropriate k. factor obtained from Figure 4.
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2. Flow Field Below the Rotor (Region 2)

Region 2 pertains to the flow field below the rotor plane
and within the vortex cylinder (see Figure 2). For out-of-
ground-effect conditions, this region may also be treated
analytically by use of the same method used for Region 1lA.
In ground effect, however, these analyses are considered

to be invalid. Therefore, in order to determine the flow
field in this region, experimental data are herein utilized
instead. Such data, though limited in quantity, are
presented in Reference 2. This reference contains axial
velocity profiles for rotor neight of H/D = 0.5, and the
smoke flow visualization data for other rotor heights. These
data were utilized to construct velocity contours for other
rotor heights using the superposition method of Reference 6.

Figure 6 shows the velocity distribution (contour plots)
below the rotor (Region 2) for rotor heights of H/k =1, .5,
and .656. This figure can be used to obtain velocity cocntour
plots immediately below the rotor or propeller plane of a
VTIOL aircraft operating at these heights to radius ratios.

It should be noted that although the data presented in Figure
6 specifically apply to straight untwisted rotor blades, they
are considered to be adequate for the analysis of the conven-
tional rotor designs with moderate blade twist. For the case
of high efflux jets or fans, a uniform velocity distribution
at the jet exit may be assumed with the velocity reduced by
kg as 1n Region 1.

3. Flow Field in the Wall Je: (Region 3)

Region 3, as shown in Figure 2, pertains to the flow along
the ground (outside the vort x cylinder) known as the wall
jet region.

The behavior of flow along the ground is described in
Reference 7. The radial velocity is zero at the rotor axis
and increases linearly to a maximum value at a radial
dictarnice (r/De) approximatcly equal to 1.0. Then it
decreases exponentially as the radial distance increases.
The point at which the radial velocity along the ground is
maximum (which also corresponds to the point where the
pressure is atmospheric) is defined as the beginning of the
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well jot. Thus, the wall jet (Regiocn 3) extends radially
trom there.

Reference 3 shows that the velocity profiles at any radial
station along the ground within the wall jet region are
affine. The wall jet velocity proff{le reproduced from
Reference 8 and confirmed by experimental data of Reference 7
is herein presented in Pigure 7. This figure shows a distri-
bution of the velocity ratio u/y, as a function of vertical

distance ratfo (y/y,‘) vithin the wall jet.

Reference 7 also presents an analytical treatment of the flow
in the wall jet region. This analysis, however, utilizes a
free jet decay which {s not representative of the air jet
induced velocity produced by a rotor. Therefore, to obtain

the decay of the dynsmic pressure (q, _/qy) for a ro or,

the data of Reference 9 presented herein as a plot of
Qe . /qu in Figure 8 are applied to the present analysis. As

indicated in Reference 7, the maximum redial velocity in the
wall jet (u,) st any redial station (r) can be expressed as
follows:

t- cw(E) Qv

Also, ch. distance above the ground vhere the wvelocity equals
half of the maximum velocity is given bdy:

Ty 1.028
R

%) (12)

The wall jet constants C, and can be expressed as functions
of the par_veters (u,/Ug).. (F/R)¢, and (v/R); ot the
beginning of the wall jet as follows:

16
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vt o

r
i)‘ (13)

-1.028

o {3), (), ao

The parameter (yy/R). can be expressed es follows:

() (#o).:szz ) (e

U/ \2

In order to estadlish the wall jet constants C,, Cy. and
(. /R), as given by equations (13) chrough (15), it is first

necessary to determine the position of the begimning of the
weil jet (r/R)k and the meximm velocity ratio (u,/Uy)e at
the uall jet.

This can be accomplished by utilizing the {terative procedure
of Reference 7 as follows:

(a) Determire rotor height above the ground (H/R) and
assume an initial value of (r/R),=2.0.

(b) Calculate an equivalent free jet distance t/R using
the following relationship:

b3k, o

19




(¢) Transform the value of t/R into T/De which for

open rotors is given by:

= 0.707

Ulrr

(17)

1)
] (o

(d) Using the value of (t/D,) from step (c), obtain
the ti b £ th t £
ratio o (qsmax/qN) rom the test data o
Figure 8. Then compute

U Asmax
18
Ty N (18)

where Uy is the induced velocity of a fully
developed slipstream, and for an open rotor Uy can
be expressed as follows:

2 DL 19
5 (19)

(e) Obtain the value of the average induced velocity
at the rotor disc in ground effect (U) by using Uy

from step (d) and the appropriate value of the
ground effect factor kg from Figure 42

U
— N

where (Uo)OGE is the average induced velocity at

the rotor plane out of ground effect.

20
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(f)

(g)

(h)

(1)

(3

Compute the radial position at which the wall jet
begins:

G.486 , = .0.486
( I) (l.f.s)l 3 (L_) (21)
R/ (0.5:)"" Ym

Repeat steps (b} through (f) until convergence :s
obtained for the value of the position where the
wall jet begins, (r/R),.

Using the finsl value of (r/R)y from step (g). .i_?
from step (e), and u, fro~ step (d), calculate iy
using the following relationship:

[ 0.885 o.u.', 0.88

Uy Lc.sas(l-‘;)t u U (22)

)

Using the values of ug from step (d), (r/R); from
step (g), and |, from step (h), calculate (yslk)t

using equation (19).

Finally, compute the wall jet constants C, and €
by using equations (13) and (14}, respectively. '

4. Flow within the Recirculation Region

Region &,

as shown in Figure ., pertains to the flow tield

between the wall jet boundary and the plane of the rotor
outside the vortex cylinder. The wall jet boundary is herein
def{ned as the height at vhich the local velocitv is equal tc

-

» of the maximum ground surface welocity (i.e..

u 0.01 “mx}‘




The outward radial flow in the wall jet interacts with the
frward flow induced by the rotor, and a recirculatory flow
in this regiorn results. This fiow phenomenon is clearly
defined in the experimental work of References 2, 10, and 11.
The snalyticsl treatment of the flow in this region is
extremely difficult, and no theoretical solutions are avafl-
able in the existing literature. Some quslitative experi-
mentsl dsta pertaining to the flow field in this region are
presented in Reference 11 and in Yigure 9. These data,
however, are not adequate for the application in the present
program. Due to shear flow interaction effects and small
magnitudes of the velocities {n this region, gquantitative
experimental data are practically nonexistent.

Hence, in the present approach, the snalysis of the flow in
this region utflizes 2 number of simplifying assumptions,
the validity of wvhich must be determined experimentally.

As defined previously, the external flow slong the upper
boundary of the wall jed {u - 0.0l u,,,) is practically

stationary; f{.e., the axial 2nd radial velocity components
are considered to be zero.

Purthermore, it is herein postulated that the assumptions
fnherent {n equation ‘10) will alsc apply to the recircu-
iation region, provided that the required boundary conditions
at the wall jet and at the plane of rotor disc are satisfied.
One way to achieve this is to multiply equation (10) by a
correction factor Fj vhich varies linearly from F), - 1.0 at

the plane of rotor disc to Fp, - 0 st the boundary of the
wall jet.

Thus. equation (10) becomes
Yice ~ %5 toce Fn (23

Using Figure 10, the correction factor Fy can be obtained
as follows:
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Fy =

H-%-h
-h (28)

ok

Substituting equation (24) into equation (23), the induced
velocity in the recirculation region at any radial stetfon r
and at any vertical leccation (h) below the rotor cfisc plane
can be expressed ssx follows:

l}lcg*'k'l]xg(l ﬁb'ﬁg) (25)

5. Flow in the Intersctioa Plane (Region 5)

The flow {n Region 5, as shown in Figure 2, pertains to the
flov in the interaction plane where the dowwash from the

two rotor/propellers meet. Along this plane, the dowrwash
velocities from the two lift devices interact with each other,
and the resultant flow {s turned upward. For side-by-side
rotor/propeller configurations, this upward flow {s restrained
by the fuselage and (s divert.d horizontally along the longt-
tudinal axis of the aircraft. For tandem configurastio.s with
70 rotor overlap, the {nteraction plane i{s along the lateral
axis of the aircraft; hence, there is a minimm fuselage
restraint, and practically all of the resultant flow wi!l be
turned vertically upwerd.

Conceptuaily, the i{nteraction plane can be consfdered as a
thin vertical wall (no flow through the wall) at vhich the
radial flcw along the ground from each roter i{s deflected
along the vertica! plane at the same angle as {f the ground
flow continued (see Figure 11). Thus, the dynamic pressure
(or the corresponding velocity) at a potnt {n the intersction
plane can be considered to be the same as {f the flon from
the single rotor continued along the ground at the same tctal
distance from the rotor axis.

The test data of Reference 12 shosw that the resultant

velocities along the interaction plane due to two rutors are
greater than those for an isolated rotor at the save total

25
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radial distance. These data hc.e been utilized to develop
a wlocity interference correction factor, Tg¢, which {s
presented as a function of a total vrad!al distance from a
single rotor in Figure 12.

Using the nomenclature of Figure 13, th bhorizontal and
vertical velocity components Vy and V,, can be expressed as

follows:

Vi = Tg ug(X/R) (26)

Vy

[}

T¢ ug(Y-2) /R (27)

B. DOWNMASH SIGNATURES

1. Dust Cloud Size and Shape

As discussed previously, the impingement of rotor dowmwash

on the ground results in a high-velocity flow along the ground
and the subsegquent erosion and entrairment of ground particles.
These particles. once eroded, are transported aloft by the
flow field generated by the hovering aircraft and thus form a
dust cloud. References 9 and 13 indicate that (he particle
erosfon upon & specific terrain is a function of the maximum
dynamic pressure (qq,, . ) on the ground and the terrain erosion

factor (kg) which is dependent on the terrain characteristics.
As noted ir Reference 9, the parameter which governs the

particle terrain erosion is relsted to the effective surface
dynamic pressure which can be expressed as follows:

(28)
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The terrai~ erosion factor. k.. is given by

v

v P R
X ShPm (29)

This terrain factor relates the terrain characteristics.
i.e., terrain density and ~ean particle size, with water
droplet size and dens.Iv. Water droplet size was obtained
from Reference 1.

From the film data, which were obtained by the Mine Safety
Research Corporation as a part of the test program reported
in Reference 15. it is determined that the dust cloud radiail
boundary can be approxinated by the radial distance along the
ground at which the surface eff. tive dywmaic pressure is
~pprovimately equai to 1.0 (i.e., (qglgees 1.0). Thus, the

racial location of the dust cloud boundary can be readily
obtained from equation (28) using the wall jet and the inter-
action plane analyses presented in Section Il. A, The
resulting dust cloud radius (boundarv} can be expressed as
follows:

L (30)

2
QP ta&

. R[ﬁ: }-.437

wvhere C; 0.5 for regions outside the interaction piane and
C; 1.1 aiong the interaction plane.

The height of the dust cloud (maximuer vertical location of
the cloud boundary) can be approximated by considrring the
path of the rotor biade tip vortices as they spread alorg
the grouad. The ground spreading of the rotor biade tip
vortices is believed to be the primary cause for the cloud
roli-up observed from the fil= data.




A detailed analysis of the behavior of this vortex syste=m
along tne ground can be made by replacing the continuous
cylindrical vortex sheet with a finite number of discrete
wing vortices. A step-bv-step iteratior procedure could
then be applied to coampute the motion of each ring vortex
as it starts to expand aiong the ground. However, in lieu
of this process. wnich is complicated, time consuming, and
would require 2 computer solution, an attes=ptl was made tu
analvze the roll-up process utilizing an aialegy of the
vortex sheet shed from the trailing edge of a lifting wing
as schemetically shown in Figure la.

It can be seer that the vortex pattern behind the lifting
wing (Figure 14(b)) exhibits a flow mechanis» very similar
to that shosm along Secticn A-A (Figure l«(a)) of the ring
vortex shee: generated bv a lifting rotor. The =main
difference between the flow mechanism of the cvlindrical
vortex sheet of a rotor and the vortex sheet of a lifting
wing is that the former rclis up and for=s a torus r.ng
while the latter rolls up into two line vortices.

Using the above anclogy. conventiconal wing vortex theosry such
as that presented in Reference 1¢ is applied to predict the
center of the vortex core. Using the nomenclature of Figure

l14(a), the coordinates of the center -f the vortex core for
compiete roli-up can be expressed as f{ollows:

Ry 0.785 R¢ (31)
Z, 0.329 R, (32)

Once the center of the core is defined, the cloud roll-up is
approximated by 4 logarithmic spiral relationship given bv:

PREPCIL Y N (33)

where a and ¢ are constants which can be Jdetermined by

apply:ng the t tundary conditions of @  ( wher § K. - Ry

i
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and $ - ®/2 vhen § 2,. Applying these boundary condi-
tions to equation {33), there rezsults:

- Zy
a - —;- 1% ( .C‘R\’) (3‘)
¢, Tiog ( ——“:' ) (35)

Thus, knowing the radial location of the dust cloud boundary
(R.) and the constants a and @ ,, the vertical location of the

dust cloud boundary measured from the center of the vortex
spiral can be computed by substiuting ¢ - ¥/2 in equation
(33). Ths,

W 2T e (36)

-

The total dust clow height measured froa the ground is then
given bv:

He By - 2y (37)

s. Ciowd Content

a. Partizle Density Distribution

{1V Fa- Field Density Distribution

in the far field flow region of VIOL aircref:
(i.e., the region frox the start of the wzil ez
to the boundary >f the clowd). the particie
dens:tly disiribution within the ciowd is cerived
basod o the dnalysis presentec ir Refererce 17,
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By assuming particle characteristic paths and
by considering the rate of loss of momentum of
the air due to particle movement, a sex -
eapirical expression is derived in this
reference which gives the particle mass flow
rate along a lane of unit width for the case of
constant wind blown over desert sand. This
expression {s given as:

3 /0pe
z CZP Ve B-S— (38)

wvhere the constant C; was found experimen®ally
to be C; 1.5 for nearly uniform sand, C; 1.8
for naturslly graded sand, and C> = 2.8 for sand

vith a wide range of gra‘n size. The parameter
V. {s given by:

VQ - ’ (”)

Reference 17 defines (¥ ) as shearing forcs or
drag per square c= of ground surface parallel
to the wind direction. Alsc, Ve, wvhich is

merely a mathematicai symbol, is defined as the
drag velocity which is directly proporticonal to
the rate of incrvase of the wind velocity with
the log-height. Since the velocity and the
log-hefght have a strsight line relatfionsh.p,
Ve I3 proportional tco the tangent of the angle
which this straight line or veiocity ray sakes
with the height ordinite. The proportionality
constant {5 “etermined experimentally to be
5.75. Furthermre, Reference 17 shows that if
the wind veliocity close to the surface (s

plott ¢ against the log-height, the zero wind

AT
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velocity occurs at a certain small but definite
height above the ground surface. This height
is found to be associated with the size of the
frregularities which constitute the surface
roughness and is approximately equal to 1/30
the dismeter of the grain size on the surface.

In ut{lizing the results of Reference 17, it {s
now necessary to relate the mathematical param-
eter V. o the parametcrs in the boundary iayer
of the rotor wall jet flcw. For this purpose
the boundary layer thickness (y,) in the wall
jet flow is herein defined as the vertical
distance at which the wall jet velocity is a
naxiss.

Aicthough the velocity ir the rotor wall jet flow
is nomuniform (see Figure 7) as compared to the
unifora (constant) ambient wind velocity assumed
in Reference 17, {t is believed that the flow {in
the boundary layer will be analogous for both
types of flow. Therefore, the drag velocity Ve
within the boundary layer cof the wall jet flow
can be expressed as follows:

Ve = {&9)

5.75 log (-’-g—;‘i'—')

where yq. the boundary layer thickness in the
wall jet, is obtained from Figure 7 as

— 0.121 141)

The particle mass flow rate. =, per unit width
can now be obtained by substituting equation (o0’
into equation (38):
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Also, exanining the test data of Reference 14,
it can be noted that the particle mass fiow
rate a (1b/sec-ft?), wvhen plrtted ¢ a iog
scale versus height (Z), ex>ibits linzar rela-
tionship with height. Furthermore, the
integrated value of a with respect to Z yields
the particle mass flow per unit widrh

He
a.‘j 2 dz {a3)
[« ]

Using equation (&}), the particle mass flow rate
per unit aresa =, {(ib/sec-ft<) along the ground
can now be expressed in terms of the parsticle
mass flov rate per unit width m»e (lbdb/sec-ft) as
follows:

!

n, 107% -2

i

(K - log 7o) (ad)

dx',

vhere K is a positive (nteger chosen such That
ax0 wvhen 3,< 10—‘.

in performing graphical sclutions of equaticn
(e3), it was deter»ined that a value of K 2 ¢
did not affect the mmerical values of a,.

3¢




(2)

Therefore, the value of K = 6 was utilized in
the subsequent analysis. The parameter 10°K
represents the particle mass flow rate at the
boundary of the cloud (Hc). In previous theo-
retical analyses of the cloud constant, that
value was assumed to be zero. However, from
actual observation of the cloud patterns, it is
inferred that certain small particle mass flow
will exist even at the cloud boundary. It is
therefore believed that the representation of
this small mass flow rate by a factor of 10~

is more realistic than the assumption of m = 0O
at the cloud boundary.

The particle mass flow rate distribution as a
function of height within the duct cloud m(Z)
can now be obtained graphically by knowing a

value of mg and drawing a straight line on a

log-m scale from mg to m = 10K at the cloud

boundary (Hc).

Near Field Density Distributions

The near flow field particle density distribu-
tion (at or below the rotor disc) in the region
whaere the rotor induced flow is down through the
disc was computed utilizing the flow continuity
concept within a given stream tube. In this
approach, it is assumed that the dust particles

-which get entrained from the dust cloud into the

rotor plane travel along discrete stream tubes
cf the flow in which the basic law of mass flow
continuity applies. It is further assumed that
no particles are added or tuken away from each
stream tube and that there is no cross flow
between the stream tubes.

If this concept of particle flow within a con-
fined stream tube is utilized, it follows that
the particle density distribution at points
within the rotor plane or in the rotor slip-
stream (near flow field) is the same as that at

37



the appropriate locations within the dust cloud
where the stream tube of the rotor induced flow
immerses in the cloud. Hence, the near flow
field particle density distribution can bhe
computed knowing the far flow field densities
at the appropriate locations within the dust
cloud. The far flow field particle densities
can be obtained utilizing the following
equation:

(P )y =1 (45)

In utilizing equation (45), the average wvalue of
the near flow fieid . 'sity can be approximately
obtained as that co res, 'nding to the center
point of the cloud rnll-up above the rotor plane
(Figure 15).

Although the above approach is considered to be
adequate for predicting an average (order of
magnitude) particle concentration at or below
the rotor plane, it is believed to be inadequate
for computing detailed particle distributions in
the rotor near flow field. This is due to the
fact that some of the dust particles which
actually recirculate through the rotor disc are
those which are entrained directly from the
ground under their own momentum through the
rotor "fountaiu flow" and from the recirculation
region discussed previously.

Anianalytical treatment of the trajectories of
discrete particles as affected by the airflow,
the particle initial momentum, and the aero-
dynamic and gravitational forces acting on each
particle is indeed very complicated and is
considered to be outside the scope of the present
work.

Because of a lack of such rigorous theoretical
analysis on particle trajectories, a semi-
empircal method postulated on pages 37 and 38 is

38
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herein utilized to obtain an indication of the
order of magnitude cf dust particle concentra-
tion at the rotor plane or at the probable
iccation of engine intakes below the rotor. The
results obtained by this method are expected to
be lower than those cbtained from the tests
primarily becsuse of the nature of the assump-
tions utilized in the gnalysis.

Particie Size Distributica

A method of predicting the particle size distribution
in the dowrwash is presented {n Reference 3. This
method is hased o the terminal velecity principle
set forth by Xuhn in Reference 18, in vhich the free-
fall terminaji velocity of a particle is equatad to
the upfiow velocity required to support thi.
particle. This relationship :zas used i< predict *he
manimmm siac Sf spterical === parficles that can be
supported by a given air velocity. The results are
shown {n Figure 16, which is verroduced from
Reference 138,

The general procedure for determining the maximum
size particles is to first obtain the magnitudes of
the upflow velocities in the vicinity of the rotor
operating in ground effect. Then the maximin size
of the transported particles is cobtained from Figure
ié6.

Once the maximum size of particles that cen be
supported by the local airflow is determined. it is
related to the distribution of particles on the
ground in the following menner. If the msaximm size
of transported particles ‘e 'zrger than the maximm
size of particles availsble on the ground, then the
distribution of partfcles in the air is assumed to
be equal to that of the ground sampie. If, however.
the predicted saximum s!ze of particles that can be
supported by the local airstresm is smaller than the
naximm size on the ground, then the airtorne particle
distribution is modified as follows:
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At each radial station, the merimm particle szize
distribution with height is obtained from Figure 16
vhere the terminal velocity is s local resultant
veiocity determined in SecZion II. A.

C. DOVNASH SIGHMATURE EFFECTS

Presented ir thic section {53 a t-ief analysis of the effects
of rotor dowrmash enviromment on pilot's visibility, engine,

ground equipment, and persomnel.

)]

i. Pilot's Vietbility

Orne of the potential tazsrds of cperating a V/STOL atrcraft
in ground proximicty is the loss of pilot’'s visibility due to
the dust cloud formetion generated by the rotor dowrwash.

The process of seeing invelves the reception of light
fepressions by the eye from the sighted object. These light
impressions are very such dependent on the contrast betwesn
ob fect srd berv-—ound, the sbsolute becigground light
intensity, and cne geometric angle trwe object extri- "¢ =2
subtend at the eye. The relationship between these param-
eters has teen estadblished in Referernce 19; the results
directly appliceble to this study have been extracted and
ave summarised in Figure 17.

The following anelysis determines pilot visibility in terms
of sinimm perceivedbls object size for various distances from
the pilot as affected by reduction of contrast and beckground
light intengity cresied by the dust cloud.

taing Reference 20, the visibility reduction in terms of
contrast reduction, C/, due to the contiminated atmosphere

is given by:
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T,
where the uncontaminated contrast C is given by

c=-£29 (48)

Assuning that the background (terrain) intensity {s indepen-
dent of distence and cloud density, {.e., I, = I,, then

equation (47) reduces to

!

C=1C (49>

In equation (49), the parsmeter T represents the light trans-
mittance vhich {s defined as the ratio of light intensity
emicted by the object placed vithin the dust cloud to that
whan the object is sighted in unontaminacted atmosphere.

Tae light transmittance T can be expressed as follows:

In the above equstion, the mmber of particles per cubic foot
of air, N, can be obtained by assusing that all afirborne
particles are equal to the mesan particle sise of the terrain.
Using this essumption, equation (30) cen be expressed as°

Ppd )

(51)
T e 1.5 ’G Bpe
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The georetric parameters which affect pilot's visicr asre the
cloud penetration distance (d) measured along the pilot’s
line of vision to the object and the horizontal distance {S))
from the pilot te the object. The cloud penetration distance
(d) is determined knowing the height (size) of the sighted
object and the dust cloud geometry previously determinred.

The horizontal distance (5h) between the pilot and the object
can be obtained from basic geometry.

Thus, using the nomenclature of Figure 18, the distance (Sy)

can be expressed in terms of radial distance (y) measured
from the rotor centerline, the heading angle P relative to
the object, ani the aircraft geometry:

S, ri - €Y - 2rC cosa (52)

where
¢ JAS - B- (5D
Ly - .«‘1 C . < C 3a)
8 ¥ - F-B-sin | osin (9004 (Sa

r
and
[ ‘(5) (8%}
B
ad
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Figure 18. Pilot's Line of Sight Relative to Vehicle.
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2. Engine and Equipment Damage

The rotor downwash environment generated by high-disc-
loading V/STOL aircraft can cause severe damage to aircraft
components (engine), equipment, and personnel placed in the
vicinity of hovering aircraft.

No specific analytical methods are available to predict
the degree of such damage. However, some information on
this subject was obtained from the pertinent wind tunnel

and full-scale flight tests and is presented in Section
III. C.
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III. DOWNWASH ENVIRONMENT RESULTS FOR VARIOUS V/STOL AIRCRAFT

Although the analytical methcds presented in the previous
section are completely general, the application of these

methods for predicting the downwash environment of a spe-
cific V/STOL configuration requires minor modification to
properly account for the number of 1lift devices, aircraft
geometry, and terrain conditioms.

These methods have been used to predict the contaminant

cloud characteristics for the H-21, XC-142, X-22A, ¥X-19A, and
XV-5A V/STOL aircraft operating over silty sand. The results
obtained for these aircraft are presented below.

A. FLOW FIELD

1. Flow Field Above Rotor Plane (Region 1)

The nondimensionalized velocity profiles of the flow field
above the rotor plane (inside and outside vortex cylinder -
Regions 1A and 1B) applicable to the H-21, XC-142, X-22A,
X-19A, and XV-5A V/STOL aircraft configuration are presented
in Figure 5. The dimensional values of the flow field for
each aircraft can be obtained by multiplying the non-
dimensional values of Figure 5 by the corresponding average
momentum velocities of the fully developed slipstream of
each aircraft and the appropriate ground effect factor given
in Figure 4. "

2. Flow FieldA Below Rotor Plane (Region 2)

The velocity profilec below the rotor plane (Region 2)
applicable to the H-21, XC-142, X-22A, X-19A, and XV-5A
V/STOL aircraft are presented in the nondimensional form in
Figure 6. The dimensional values of the slipstream velocity
for each aircraft can be obtained by multiplying the values
of Figure 6 by appropriate average momentum value of the
induced velocity at the rotor plane.

3. Wall Jet Flow (Rezion 3)

Using the analytical m2thods developed in Section II. A. 3
and the aircraft geometric parameters listed in Table I,
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TABLE I

GROMETRIC PARAMETERS OF V/STOL AIRCRAFT
e

Rotor Height
Gross Rotor/Prop Disc With Wheels
Mircraft Weight Diameter Loading on Gr »und
(1b) (ft) (psf) (fc)
-21 13,000 64.0 x 2 6.28 16.0
XC-142 37,500 15.¢ x & 49.68 20 (avg)
K-22 15,800 7.0 x & 103.0 7.5 (avg)
X-19 13,660 13.0 x & 25.73 12.02
XV-5A 9,200 5.2 x 2 288.8 5.15

$ea 4evel Conditioms

the wall jet velocity profiles heve been caiculated for che
selected aircraft for wheels on the ground and also for
vheels 50 feet above the ground for the XC-142 aircraft.

The results for zero wvhesl cicarance of the selected afrcraft
ar. presented in Figures 19 and 20, which show the wall jet
velocity distribution at the location where the wall jet begins
ard at a common radial statfon 90 feet frow the rotor center-
line, respecctively. From these figures, it can be noted that
the wall jet contours for ligh-disc-loading aircraft are sub-
stantially lower in overall thickness than those for low-disc-
loading afrcraft. It can slsc be seen that although s much
higher surface velocity occurs close to the high-disc-loading
sircraft, these velocities decrease acre rgpidly with increas-
ing radial distence than those for low-disc-loading aircrsft.

Figure 21 shows the velocity profiles for the XC-142 afrcraft

operating at 30 feet wheel clearance froy the ground. Compar-
ing the results of Figures 19, 20, and 2. for this afrcraft,
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Figure 19. Compariscn of Wall Jet Velocity Distributions
for Various Alrcraft st the Start of the Hall
Jet. Wheels on the Ground.
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it can de noted that the effect of rotor height above the
ground is to reduce the magnitudes of the wall jet velocities
at an gpproximate rate of 1 percent per foct height of the
corresponding wall jet ‘=locity wvith vheels on the ground.

The results of Figure 19 are replotted in Figure 22 in terms
of maximm surfece dynamic pressure vsrsus radial distance
from the rotor centerline. This figure indicates that the
maximm surface dynsmic pressure at the radial location where
the wall jet begins f{s a strong function of aircraft disc
loading. This trend is not indicated at other radial loca-
tions vithin the wall jet.

4. Racirculation Flow (Region &)

The flow recirculation area for the sircraft having four
lifting devices arranged side by side and in tgnden is
bounded by two expanding interaction planes, one along the
longitudinal and one along the lateral plane of symmetry.
For these aircraft, the flow recirculstion area as defined in
Section II. A. 4 {s comparatively small and does not warrant
special analysiez. Therefore, the computations of the flow
field in this region were performed only for the H-21 and
XC-142 aircraft and are presented in Table II. Table III
presents the results fcr the XC-142 aircraft operating at

50 feet wheel clearance from the ground.

From the results shown {n Tables II and III, it can be noteo
that the magnitudes of the velocities in thig regicn are
quite small (less then 9 ft/sec). Furthermore. the effect
of wvheel clearance (rotor height) on the magnitudes of these
velocities is negligidble.

5. Flow in the Intersction Region

The equations derived in Section II. A. 5 have been utf{lized
to campute the horfgzontal and vertical velocity components

in the inteéraciion plane at distances of 45 and 30 feet. The
results are presented {n Figures 2) through 27 for all
selected aircraft with wheels on the ground, and in Figure (8
for the XC-142 aircraft operating at 50 feet wheel clesrance
from the ground. It should alsoc be noted that since the
results presented in Figures 23 through (8 do not include

53




e s L e e

s 1b/ft:2

smax

Maximum Surface Dynamic Prescure,

Figure 22.

C e s i |
. t, N N
: e H
i s g
| )
i ' 1
- '

t .

7] E8 SN RN I A
N Sl sy T e start of (- -

_ . Wall Jet. .
so}-} . AR —

S e ey P SN Ll -
D b T T VLS P P

e sia s

160

Radial Distance Mzasured From
Rotor Centerline, r, ft

Variaton of Maximum Surface Dynamic Pressure
Along the Ground for Various Aircraft. Wheels
on the Ground.

54

e b 4. 8 € kb et



TABLE 11

HDRIZONTAL COMFONENTS OF THE VELOCITIES* IN THE
RECIRCULATION RIGION, WHEELS ON THE GROUND

(s) H-21
, ft measured
ros rotor X=50 ft X=60 ft X=70 ft X-=80 ft X-90 ft
lane Ux Ux Ux ug Ux
0 2.6 j.a8 2.84 2,18 1.72
2.5 4.4 2.94 1.96 1.4 0.94
b 3. 26 2.04 1.06 0 0
8 1.86 .92 0
10 0.9% 0
12 0
{(b) XC-142
h, ft mseasured
from rotor X-50 ft X=60 ft X-70 ft
plane Uy Uy Uy
A 9.2 5.45 J. o6
2 7.6 4.3 2.74
4 6.1 3.3 1.83
6 4.6 2.1 914
8 3.0 1.07 0
10 1.5 0
12 0

 — 2Ty T TR T
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TABLF. 111

HORIPONTAL COMPONENTS OF THE VELOCITIES*IN THWE

RECIRCUTATION RECION - Hy = 50 Peét

XC-142
, ft measured
rom rotor X=5Q ft X=7S5 ft X=100 ft X=125 ft
lane Uy Uy vy Wy
0 .48 .18 1.62 0.99
10 7.88 2.54 .21 0.66
20 6.31 1.91 g.8: 0.3
X 4.73 1.27 0.40 0
40 3.1% 0.64 0
50 1.58 0
60 0
*Velocities in Peet Por Second

m

B e o 1}




Height Above Ground, Z, ft

i ——— - —————— ——— -

Xz ft

20 &0 60 80 100

Velocity Components, Uy, and U, ft sec

Horigontsl and Vertical Velocity Components Along

the Interaction Plane for the H-21 Afrcraft.
Wheels on the Cround.
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Figure (5. Horfzontal and Vertical Velccitv Components
Along Interaction Plane for the X-22A
Afrcraft. Wheels on the Cround.
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air viscosity effects, the calculated values represent upper
bounds of the velocities to be expected in this vregion.

6. Contour Plots of Maximm Surfece Dynsmic Pressure

It is convenient to combine the velocity results computed in
Region 3 (Wall Jet Region) and Region 5 (Interaction Plgne
Region) for the selected aircraft in the form of contour
plots of the maximm surfece dynamic pressure along the
ground. Such comparative contour plots obtained for the
H-21, XC-142, X-22A, X-19A, and XV-5A aircraft with vheels
on the ground are presented in Figures 29, 30, 31, 32, and
33, respectively. Figure 34 shows the results for the
XC-142 aircraft opevating at 50 feet wheel clearance from
the ground.

From these figures, {: can be ncted that along the inter-
action plene of two rotor configurations, higher maximm
dynamic pressures are generally indicated than those of a
single jet configuration. This is readily apparent in
regions far from the aircraft center. WNear the aircraft,
however, the flow in the interaction plane is nearly vertical;
hence, the horisontal component of the dynamic pressure shown
in the contour plots is smaller then that for an equivalent

single jet.

Ffurthermore, as was previcusly noted, the dynsmic pressure
along the ground in the wall jet region for a low disc
loading aircraft {s relacively low, but (s persists st much
greater distances as comared to high disc loading aircraft
of equivalent gross weight.

3. DOMASH SIGNATURES

1. Cloyd Size and Shgpe

The radial boundary (R.) ard height (H.) of the dust clouds
for the selected V/STOL afrcraft were computed utilizing
techniques developed in Section I1. B. 1. The details of the
dust cloud shape were established utilizing good engineering
judgement based on the actusl observations ¢nd recorded film
data of a variety of V/STOL aircraft opersting in dust
environment. The consistency of the ground terrain considered
fur this study is loose silty sand found at Phillips Drop Zone
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of Yuma Proving Crounds. The ground sample selected for
this study and presented i{n Figure 3% shows ground particle
size distribution by weight. Additional information ca the

ground sample is preserted in the sppendix.

Figures 3%, 37,38, end 40 show the dust clouds predicted for
the N-21, XC-142, X-22A, X-19A, and XV-5A aircraft, respec-
tively. These figures present the cioud sizes and shapes
slong both longitudinai and lateral planes for each aircraft
for sero vheel clesrance. Figure 41 shows the corresponding
results for the XC-142 aircraft operating at 50 feet wvheel
clearance from the ground.

Por multirotor zonfigurstions, one or both of these planes is
the intersction plane. Figures 36 through 41 clearly
indicate ths ssymmetry of the cloud shapes in the two planes.
Mla ¢ata such as those obtained from the test program
reported in Reference 15 indicate that the cloud shape
resembles that of & torus, or a doughnut, with its center at
the center of the atircraft.

iz order to obtain a better indicetion of the effec:s of
sircraft parameters on dust cloud size, the results of
Figures 3 through 40 are cross-plotted in Figures 42 and »3,
which show the variation of saximum redial and vertical cloud
sises as a function of the dynamic pressure of a fully

deovel slipstrear for each aircraft. It can be noted
from t figures that for approximgtely constant gross
weight (e.g., CH-47D, CON-54, snd XC-142 aircraft), both the
maximm dust cloud rediue and height slightly decrease with
an incresse in disc loeding. Purtherwmore, the meximm
dimensi s of the dust cloud increase apprecisbly with an
increesr of aircraft gross weight (compare MH-21 or X-22 date
with X7-142 dats).

These figures alsc present the svaileble test data obtained
from the films of References 15 end 21 and the unpublished
test dats ndtained st Edwar. s Air Force Base for the selected
sircraft. Incidentally, good correlaetion can be noted
htween the predicted cloud sizes and those obtsined from the
filme.

The effect of rotor height on cloud sizes can be obtained
comparing the results of PFigure 37(a) (zero wheel clearance

70
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with Pigure 41 (50 feei wheel clearance) for the XC-142
sircraft. It can be noted from these figures that for high
diec loeding afrcraft (z:ch as the XC-142), 25 pevcent
reduction in cloud height and sbout 17 parcent redction in
clowd! radius is indicated for a X Z:>¢ increase in wheei
clearence from the ground.

2. Cloyd Content
a. Pgreicle Dengity Distribution

(1)

Far-Field Beneity Distribution

The far-field particle density distribution for
the selected V/STOL aircraft st two radial
locetions, X = 43 feet and X = 90 feet, are
presented in Figures 44 through 49. These
results were obtained by first computing ness
flow rate distribution and local velocities
within the dust cloud using snalytical tech-
niques developed in Section II. Equetion (43)
was then applied to compute the corresponding
density distribution. This snalytical tech-
nique was checked sgainet the test data obtained
for the M-21 helicopter cpersting ovar desert
send. A comperfison of the theoretical results
with test data (s presented {n Figure &4, wvhich
shows a good correlation of the present theory
with test.

Prom Figures 44 through 49, it can be nuted that
for a constant redial location, the particie
density incresses with s decresses in vertical
dletance from the ground.

Purthermore, for the radial statious closer to
tie rotor centerline (X = 45 fest). a grester
density decay rate 1s indicated with height
¢som the ground as compered to thet for larger
redial stetions (X = 90 feet).

The effect of rotor height sbove the ground on

perticle demefity distribution for the XC-142
sircraft cen be seen by -wparing Plgure 45
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(zero vheel clearance) with Figure 49 (50 feet
wheel cleerance). It can be noted from these
figures that particle density decreases as
the aircraft 1ifts off the ground.

(2) Near-Field Density Distributions

As discussed previously, the negr-field
particle density distributions at or below the
rotor disc (w:thin the vortex cylinder) were
computed utilizing the flow continuity concept
vithin a given flow stream tube. The results
thus obtained for the selected V/STOL aircraft
are presented in Table IV, which also contains
the pertinent test data.

It can be noted from this table that the
predicted particle dengsities are generally
higher along the i{nterection planes of multi-
rotor configuratiors than along other locations
in the close vicinity of rotor planes. Further-
sore, the magnitudes of the predicted particle
densities geaerally fall between the maximum
and minimam values obtained from the tests for
various V/STOL afrcraft.

Particle Size Distributions

The particle size distributions “or the seiected
V/STOL aircraft were computed based on the specified
gromd semple size profile.

This ground sample, together with the airborne
particle size profile at the rotor planes for the
selected V/STGL afrcraft. (s precented ir Figure 50C.

It can be noted from this figure that the airborne
parzicle size (at the rotor plane) for the XC-142Z,
X-22A, and XV-5A aircraft is not much different from
the ground sample profile. This impiies that
practically all size particles present in the ground
sample will be afrborne as a result of the dowwash
velocities generated bty these afrcraf:.
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TASLE IV
PREDICTED AND MEASUREL AVERAGE PARTICLE DENSITIES IN THE

a. Predicted Particle Densities at the Rotor Plane

Densities (mg/ftJ)

CLOSE VICINITY OF ROTOK PLANES FOR THE SE!ECTED AIRCRAFT

Alrcralt Tateral Plane Tongl na ane
B-21 16.75 L.15%
XC-142 $.8 35.4
X-22A - 62.9%6
X-19A ~ 17.2
XV-SA - b .9
XC-142 (50 ft vheel 1.96 L.b
clearsnce)

P. Measured Particle Densities in the Close Vicinity of the

or Plane

Densities (mg/ft3
Source of Test Data Maxisam
Pull-scale dual tandem test rig, 31 --
two Ly 53 engines
(Reterence 21)
KAC mock-up of X-22 at engine 85 --
intakes (Reference 22)
Eaman HIX helicopter (Reference 20) 8.0 2.7
Kesman HYK helicopter hovering near 2.5 S.h
an HOK helicopter (Reference 20)
Vertol Model 107 Melicopter 7.5 1.0
(Reference 23)
H-21 at uma (Reference 15) 3l 2.8
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.

The corresponding airdborne particle sizes for the
H-21 and X-19A afrcraft are apprecisbliy smaller
than the ground sample sizes.

Figure 50 also containg the test data obteined from
Reference 15 for the H-21 helicopter. In genersl,
good correlations are indicated between the
predicted and measured particle sizes. More
detafled fnformation on these tests {s presented in

the appendix.

The maximm and mesn (50 percent finer by weight)
particle size distributions for the H-21, XC-142,
and XV-5A gre presented in Figures 51, 52, and 53,
respectively.

These figures show the variation of particle size
(dismeter in mm) with height sbove the ground for
constant radial locations of X = 45 feet and

X = 90 feet.

It can be noted from these figures that for a
constant radial location, the maximse size of
particles reduces with increasing hefght. Also, for
a constant height above the ground (e.g.. 7 feet),
larger naximm s{ze particles can be found further
avay from the aircraft (X - 90 feet). This latter
trend {s a function of aircraft disc loading, height
sbove the ground, and afrcraft geometry. it m:ay
rveverse depending on the combinstions of these
parsmeters {(e.g., swe Figure 51 for heights of less
than 5 feet above the ground).

¢. Eifect of Terrain

The rotor downsash signatures thus far discussed are

strongly dependent on the type of terrain and the
dynamic pressure generated by the lifting afrcraft.

Az reported in Reference 9, the point of incipient
erosion for any terrain can be related to the

aircraft's disc loading; thus, the criteria under
which the rotor dowrmiash will create a dust cloud
for a given terrain can be established. The date

%0

P s e




Height Above Ground, ft

THEORY

Maximum Particle Size
e— = Mean Particle Size

TEST DATA (FROM THE APPENDIX)

{3 Maximum Particle Size (X=65 ft)

O  Mean Particle Size (X=65 and 90 ft)

Particle Size, mm

Figure 51. Particle Size Distributions
for the H-21 Aircraft.
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for the XV-5A Aircraft.

Figure 53.




for the incipient erceion of various terrains as
presented in Reference 9 are sumarized in Figure 54.
As con be noted from this figure, terrains such as
silty sand or water cen be eroded by all aircraft
considered in iile study; crushed stone, plowed
earth, or socaked sand will be eroded only by the
XC-142 or X-22A; and pscked leen clay vwill be eroded
only by the XV-SA.

C. DOMGIASEH SIGMATURE EFFECTS

Presented in this section are the results of the effects of
rotor dowovash envirooment on pilot's visibility, eng.ne,

ground equipment and persoanel.
1. ' V 11

The computations of pillot's visibility as affected by the
dust cloud were performed assuming the object snd background
light intensities it the uncontaminaeted atmosphere of

I, = 0.2 foot-lambert and 1, ~ 0.1 foot-lembert, respectively.

In sddition, the sircraft hesding relative to the ot ject wvas
taken as 45 degrees along the pilot's iine of sight. Al-
though the prime concern in pilot's visibility through a
dust cloud is sn unimpaired ground reference, the reduction
in pilot's visibility is herein computed in terms of light
trenamittance (T) as a function of object height sbove the
ground.

The results which vere obtained for the five selected V/SIOL
sivcraft are presented in Figures 53 through 60, which show a
reduction of light tranemittance with reduction in ob ject
hetght. This trend occurs due to an increase in particle
density and cloud penetratisa distance as object height from
the ground is reduced. For a constant object height. the
veristion of light tranemittsnce with horizuntsl distance
from the pilot to the object depends on the dust cloud
characteristics :ac aircreft geometry (e.g., 20Zpu:c FTipwe 55
wvith Figure 53).

For direct comparison of loes of pilot's visibility from
various V/STOL aircraft, the light transxittance resu'’s
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Ob ject Height Above CGround, ft

100

¢
0 20 &0 60 80
Morizontal Distance From Ptlot to Object, it
Figure 55. ‘4ght Transmittance for the XC-142 Afrcrafe.

wheels on Trrund, ¢ = &5°.
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Ob ject Height Above Ground, ft

0 20 &0 60 80 100
Horisontal Distance From Pilot to Object, ft

Figure 57. Light Transmittance for the X-22A Afrcraft.
theels on Cround, ¢ = 45°.




Ob ject Haight Above Cround, ft

0 20 40 60 80 +00
Horizontal Distance Prom Object to Pilot, ft

Flgure 58. Light Transmittance for the X-1%A Aircraft.
Vheels on Gromd, ¥ = 45°.




Ob ject Meight Abova Cround, ft

0 20 &0 &0 80 100
Horizontal Distance Pram Pllot to Object, f¢

Figure 59. Light Transmittence for the XV-3A Afrcraft.
Whaels oo Cround, ¥ = &5°.
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(Figures 55 through 60) were x{lized to compute minimm
perceivable object sfize for 1 foot object height sbove the
ground. These results, together vith the urcontaminated
atmosphere datas, are presented in Figure 61. In general,
Figure 61 shows an order of magnitude reduction {n pilot’s
visibility due to the dust clowd for all aircraft as
compared to the visidbility {n uncontemingted astmosphere.
Variations of visibility for specific alrcraft are functions
of aircraft disc loading, gross weight, and orientation of
the pilot with respect to the sighted object. The latter
variable affects both the depth of penciration in the cloud
(d) and the distance to the object (Sp). Both of these

parameters are {mportant in determining the minimm perceiv-
able object size. Effect of distance from tire pilot to the
object is demonstrated in Figure 61 by comparing the results
of perceivable object size for the XC-142 atircraft for zero
and 50 feet wheel clearance. Even though particle density
close to the ground is significantly higher for zero wheel
clegrance than for 50 feet heigit, the visibility in tevms
of cbject size is better at lower height due to the reduced
distance, Sp.

2. Engine Demege

Another significant effect of dowrmsash signatures is that on
engine damage. The discussion presented below outiines the
types of damage to engine componints and the resulting
effects on engine pcrformance. Also, the effects of sand
and dust filtration on extending engine life and improving
angine performance are di:cussed.

a. Dgmege of Engine Cumponents

Based on the test .ta presented in Referencus 22
through 27, the following types of turbine engine
demage have been incurred by operstion of various
types of engines in & sand and dust envirviment:

(1) Compressor blede leading edge beniing amd
peesning.

(2) Compressor blade trailing edge rounding.
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Percef{vable Object Stze, ft
&

.02 " "Unconiaminated Atmosphere

0 20 40 60 80 100
Horizontal Distance From Pilot to Object

Figure 61. Perceivable Size of an Object Sighted Through
Dust Clouds Generated by Various Aircrafti.
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b.

{(3) Erosion of compressor blade tipe snd stator
vanes roots.

(4) Scale-like dirt accumulation.

The leading edge bending and peening of the first
and possidble second stage compressor blades is
caused by ingestion of large size particles (greater
than 200 aicrons). These particles, which are
subsequently reduced in size through & direct fmpact
on the first stage compressor bledes and the small
size particles (less than 200 microns) directly
ingested. csuse trailing edge rounding of compressor
bledes {n the second and succeeding stages.

The ingested sand and dust which is centrifuged out-
ward gs {t proceeds sxially csuses erceion of
compressor blade tips and stator vane roots. As a
result of this damage, the mass distribution of both
compressor blades and stator vanes changes such that
the natural frequency of the compressor biasdes is
increased while that of tle stastor vanes is reducad.

Scale-1ike dirt has beer found sccumulated on diffuser
combustion chamber and other engine components after
prolongsd engine operations in contaminated atmos-

-

Deteriorgtion in Engine Perf.ragnce

As shown in References 22 through 27, sand and dust
ingestion adversely atfects engine performance.
Continued operstion fn the conteminated atmosphere
will produce damage which in turn reduces engine
svailable power and increases engine fuel consumption.

Analysis of the test data presented in References 22
through 27 indicatss that engine power loss can be
related to “he accumulsted weight of ingested sand
and dust. Figure 62 presents trends of ingested sand
and dust weight as a Zunction of engire airflow
corresponding toc a S-percent reduction in engine
normal ratec power.
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The results presented {n this figure are based on
limited test data obtained for the T-53-2 engine
(Reference 25) and the T-55-L-11 engine (Reference
27). These results can be extrapolated to cther
V/STOL aircraft engines. A bandwidth of approxi-
mately -10% (from the available test data) is shown
in this fi{gure to account for variations in
susceptibility of a particular enginre design tc
damage and relative hardness of the contaminant
maerisl.

Figure 62 also shows the amount of sand and dust
wvhich can be ingested by the T-64(1), T-58(8). and
T-55L(5) engines, prior to Sepercent luss in normal
rated power. Based on these results. the engine
endurance corresponding to the XC-142, X-:2A, and
X-19A afrcraft has been calculated and (s present
in Table V.

improvements Offered by Dust Filtration

Considersble improvements in engine life and perfora-
ance is possible with sand and dust filtration. The
degree of this improvement, as indicated in Figure €3,
fs very much dependent on filtration efliciency of
air particle separators {(rstalled on the ergines.
Figure 63 shows that even with the current air
particle separator designs (75 to 90-percent filtra-
tica efficiency), net Jperational gain in engine
endurance of 4 to 10 i{s achievable. The net opera-
tional gain is herein defined as the ratic sf engine
endursnce vith particle filtration (piotected engine)
to that with no particle filtration (unprotected
engine) courresponding to S-percent reduciion In engine
normal rated power.

The filtration efficiency warranted for a given design
is & function of engine susceptibilfity lo the particle
danage and engine maintenance schedule desired. As
shown in Figure 63, the net operstional gain increases
very rapidly with filtration efficiency b vond 80
percent and becomes large at 100-percent f{ltration
efficiency.
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TABLE V

RESULTS OF DUST INGESTION BY VARIOUS V/STOL ENGINES FOR A
5-PERCENT REDUCTION IN NORMAL RATED POWER

Sand
Ingested Airflow P Engine Endurance
Aircraft (1b) (1b/sec) (1b/£t3) (minutes)
XC-142 29 24.5 7.7x107° 20
X-22A 24 12.4  34.2x107° 7.2
X-19 22.5 10.7 2.7x10°° 99

3. Personnel and Ground Equipment Damage

This section presents the effects of rotor downwash signature
on personnel and ground equipment in terms of primary and
secondary wind damage. Primary damage relates to direct
injury to man and destruction of equipment. Secondary damage
pertains to the indirect effect of downwash upon man and
equipment such as impaired work capabilities of a man or
displac-ment of objects placed in the rotor dowmwash environ-
ment,

Based on the test data of Reference 10, rotor downwash
impingement can directly cause injury t= zan. Tlre extent

of injury can vary from damage to loose areolar tissues about
the eyes at wind speeds of 100 knots, to severe confluent
subconjunctional hemorrhages at speeds of 515 knots. Figure
64 graphically pregsents levels of direct and indirect damage
to man and equipment due to impingement of downwash velocities
generated by the selected aircraft.

Comparing the results of Figure 64, it can be noted that the
downwash velocity from the X-19A, X-22A, XV-5A, and XC-142

aircraft at respective distances of up to 13, 20, 26, and 36
feet can cause a serious injury to man's eye areolar tissues.
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Also, the design limitations of MUST structures can be
exceeded in the downwash environment generated by the four
alrcraft at distances of up to 21.5, 26, 31, and 41.5 feet,
respectively., These design limitations of MUST structures
would not, be exceeded by the downwash velocities of the
H-21 helicopter. Canvas tents can be blown down by the
downwash velocities of each of the five selected V/STOL
aircraft. These velocities can cause a sevs "e penetration
and abrasion of equipment with particle sizes of up to 300
microns. This type of equipment damage can be incurred at
distances up to 40 to 60 feet from each aircraft.

In general, it can be stated that the high-disc-loading air-
craft such as the XC-142, X-22A, X-19A, and XV-54 are poten-
tially capable of generating a more hazardous downwash
environment to man and equipment than the low-disc-loading
V/STOL aircraft such as the H-21.




IV. CONCLUSIONS AND RECOMMENJATIONS

The analytical methods presented herein for predicting
rotor downwash signatures gernerally correlate well with
the limited test data.

High downwash velocities generated by high-disc-loading
alrcraft decay much more rapidly than the low velocities
generated by low-disc-loading aircraft. As a result,
the latter velocities generated in ground effect persist
at greater radial distances along the ground.

For the type of terrain analyzed, the size of a dust
clovd generaced by a V/STOL aircraft is primarily depend-
ent on aircraft gross weight rather than rotor disc
loading. The maximum cloud sizes reduce slightly with
increasing disc loading (constant gross weight) but
reduce appreciably with reduction in aircraft gross
weight.

The pilot's far-field visibility through a dust cloud
depends upon the density and size of the cloud and the
location of the sighted object relative to the pilot.

Sand and dust ingestion in V/STOL ergines causes severe
damage to engine components, thus reducing engine life

and resulting in appreciable .cluction in engine perfouiii-
ance. Particle separators with filtration efficiencies

in excess of 80 purcent are required for any VTCL aircraft
for sustained operations iu sand and dust environment.

High-disc-loading aircraft are potentially capable of
generating a more hazardous downwash environment to man
and equipment than low-disc-loading aircraft.

It is recommended that further tests be conducted to

define better and to confirm more firmly the analytical
methods for predicting the rotor downwash signatures.
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APPENDIX
SURFACE EROSION TEST DATA

In conjunction with the tests at Yuma conducted by MSA
Research Corporation (Reference 15), this contractor obtained
test data on the weight and size of particles entrained from
the ground and transported along the wall jet,

The dust particles were collected in specially designed
particle traps which were located in the vicinity of the H-21
helicopter hovering in ground proximity. The particle trap
layout used during the tests is shown in Figure 65. The
particle traps were made from 2-3/8-inch-inside-diameter
plastic tubing. The shape of the basic trap was a "T" lying
on its side. The leg of the "T" was the intake for the
contaminated air, and a cup was provided on the bottom for
collecting the dust sample. A wire mesh screen shaped into

a cone with a surface area five times the inlet area of the
trap was attached to the top of the trap. This was used as

a filter which collected the dust particles while permitting
the now clear air to flow out of the trap. The filter screen
was made from 200 mesh wire cloth with 33.6-percent open area.
The size of the screen openings was 0.0029 inch.

Six particle traps were mounted on a boom to a height of 10
feet, as shown in Figure 65. Two booms with a total of 12
traps were used for these tests. The location of the bocms
was varied from the fiont to the side of the helicopter
depending on the sampling method selected for the particular
test,

During all tests, a target was placed in the pilot's view,
providing him with heading and distance information from the
first sampler location. The pilot approached the target
point, hovered at an altitude of approximately 1 foot wheel
clearance for a speciffed period of time, and quickly backed
away from the test area.

Data were obtained for a total of nine tests; four of these
tests were selected as providing the most reliable data. The
results for the remaining tests were questionable because of
the conditions encountered during testing; i.e., the
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excessive surface winds, the poor crientation of helicopter
with respect to the samplers, the undeterminable time of
operation of the helicopter in the vicinity of the samplers,
etc.

All samples collected were analyzed by the Vicksburg Water-
ways Experimental Station. The following informaticn was
obtained:

1. Weight of particles.

2. Size distribution of particles for selected
samplers.

3. Maximum size of particles found in each sample.

The test data for Test Condition I, Run No. 5 and Run No. 7
and for Test Condition II, Run No. 4 and Run No. 9 are
presented in Tables VI, VII, VIII, and IX, respectively.
These tables show particle mass flow rates measured along
longitudinal axis {Test Condition I) and lateral axis (Test
Condition II) of the H-21 helicopter. The collection of data
from both the front and side of the aircraft was performed to
determine an:- variations that might exist in surface erosion
due to the downwash interaction effects of the two rotors.

The results obtained from these tests at two radial stations
from the front and sides of the H-21 helicopter are
summarized in [igures 66 through 69.

The mass flow data are presented in Figures 66 and 67 for the
front and side of the helicopter, respectively., The flow
data are given in pounds of sand collected per second per
unit area and are plotted as a function of height above the
ground.

In Figure 66 the mass flow rate of particles measured along
the front of the H-21 helicopter, as expected, is seen to
decrease with increasing height above the ground. What is
unusual, however, is that with the exception of the region
very close to the ground, the flow rate increased with
increasing radial distance. This is contrary to data

obtained in Reference 13 for the 2-foot ducts. These data are
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supecimposed on Figure 66 for comparison. The observation
of the sand flow along the ground as reported by the pilot |
confirms the results obtained during this program. According |
to the pilot's observations, the entrained sand started to ?
ercde just in front of the first row of samplers and billowed |
upward to engulf the aft row of samplers completely. As a

result of this flow mechanism, a majority of the sand

particles were trapped very close to the ground by the first

row of samplers and at higher locations from the ground by

the second row. More data are required to define the point

where the cross-over of flow rate will occur.

The flow rates along the side of the helicopter were obtained
along a plane midway between the two rotors perpendicular to
the longitudinal axis of the aircraft (interaction plane).
These data are presented in Figure 67 as a function of height
above the ground for iwo radial stations. The flow rates as
shown in this figure are very similar to the data obtained
along the front of the aircraft both in magnitude and varia-
tion with height. It appears that the amount of eroded
particles does not significantly change due to the interaction
of the two rotors even though the particles are transported
further out radially.,

The size distribution of particles collected in the samplers
has been obtained for the same test conditions as those i
described previously. The results are presented in Figures

68 and 69 for the front and side of the helicopter, respec-

tively. From these figures, it can be seen that the particle
size reduces with an increase in both height above ground and
radial location.
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